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Abstract: Coupling systems play a vital role in hydraulic power transmission equipment. In recent
years, flat-face coupling systems have been extensively studied due to their environment friendly
features. The difficulty of the connection process of hydraulic equipment increases with the increase
in their working pressure. To improve the convenience of making high-pressure connections, a novel
flat-face coupling system is proposed in this article. In the proposed design, which is based on the
conventional flat-face coupling system, the resistance caused by high hydraulic fluid pressure during
coupling is drastically reduced by the addition of an instantaneous pressure relief module. In this
study, the theoretical model of the system kinetics is established to illustrate the operational mech-
anism of the novel design, and a series of computational fluid dynamics numerical investigations
based on the novel dynamic mesh technology and Ansys Mosaic meshing technology are imple-
mented to verify the rationality of the proposed design. Additionally, an optimal design of the novel
flat-face coupling system is proposed to reduce the energy loss during hydraulic power transmission.

Keywords: computational fluid dynamics (CFD); hydraulic power transmission; flat-face coupling;
dynamic mesh; poly-hexcore mesh; turbulent kinetic energy; mechanism design

1. Introduction

Hydraulic power transmission technology has seen continuous development since
the construction of the first hydraulic press in 1795. Due to their reliability, high precision,
rapid response and large driving force, hydraulic equipment are widely used in aerospace,
automobiles, agricultural machinery, the petroleum industry, military machinery, manufac-
turing and other fields [1-7].

Due to the work requirements of hydraulic power systems, the existence of hydraulic
oil pollution, leakage, corrosion and other hidden dangers is inevitable [8]. Therefore,
numerous scholars have sought to improve the work performance, safety, environmental
protection, etc. of hydraulic systems. Sakaino et al. [9] proposed a novel electro-hydrostatic
actuator (EHA) design to monitor the oil leakage and static friction, and empirically verified
their proposed model. Rinneberg et al. [10] proposed an accessorial identification system
for intelligent equipment based on the passive radio frequency sensing technology. This
research provides a reliable alternative for equipment operators. Wang et al. [11] proposed
a new quick coupling system with a “points to points” mechanism. This design improves
the reliability of the quick coupling system under blind operation.

In the hydraulic power system, the hydraulic energy is transmitted and controlled by
the pressure difference of the fluid. Hydraulic quick couplings are an essential element in
hydraulic power systems as they can connect or disconnect the high-pressure hydraulic
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circuits flexibly and quickly without the need for extra tools or special equipment [12]. In
these couplings, the energy losses occur mainly in the valves, coupling gaps and the gaps
of the working mechanism of positive displacement machines such as pumps and motors.
Sliwiriski proposed a new design for satellite pumps and investigated their volumetric
and hydraulic-mechanical losses, their efficiencies and their noise characteristics [13].
Sliwiriski also established a theoretical energy loss model for a hydraulic motor composed
of planetary gears and verified it through experiments [14]. Taking inspiration from
these works, this article presents a series of numerical investigations on the energy losses
occurring in the proposed novel hydraulic coupling system.

According to the shape of the connector, hydraulic quick couplings can be divided
into three main categories: (1) poppet type, (2) spherical type and (3) flat-face type [15-17].
Compared to poppet type and spherical type couplings, flat-face type is a recent develop-
ment that can minimize the leakage of hydraulic fluid during connection and disconnection
to reduce the environmental pollution. However, the complicated geometry of the flat-face
connection system leads to a higher energy consumption during hydraulic transmission.
Therefore, a number of studies proposing different optimization schemes have been carried
out to reduce this pressure loss problem, [18-22].

The working pressure of hydraulic power systems has increased with the develop-
ment of industry [23]. This increase in the working pressure of the system also increases
the difficulty of the coupling process of hydraulic circuits. A variety of methods have been
proposed to improve the convenience of the coupling process under high operating pres-
sures [24,25]. However, it has been difficult to greatly improve the conventional flat-face
coupling system (CFFCS) due to the size limitations of hydraulic circuits.

In this research, a novel flat-face coupling system (NFFCS) design with an instanta-
neous pressure relief based on Pascal’s law is proposed, and validated through a series of
comparative numerical investigations of 10 mm CFFCS and NFFCS. The instantaneous
pressure relief effect of the proposed NFFCS design is verified through transient simulation
results based on the novel dynamic mesh analysis method. In order to reduce the energy
loss during hydraulic power transmission, the optimization of the hydraulic flow charac-
teristics of NFFCS is implemented based on Ansys Mosaic meshing technology and CFD
simulation technology. Finally, the optimal geometric design is determined through the
comparison of the investigation results. The optimized novel flat-face coupling system
proposed in this paper consumes less installation thrust, and has a smaller energy con-
sumption than the currently widely used CFFCS design. This research provides a valuable
technical reference for the design of quick coupling systems that are better able to deal
with the increasing operating pressures of hydraulic power transmission systems used in
modern industry. The flat-face technology can better prevent oil leakages, making it more
suited to the requirements of green technology.

2. Mechanism Design and Kinetics

There are many types of quick connector for hydraulic power transmission systems.
The traditional poppet type and spherical type quick connectors make the hydraulic oil
converge in the gap between the valve core and the coupling glove due to their irregular
geometry and uneven contact surfaces. During the disconnection process of such coupling
systems, this hydraulic oil flows out into the environment and causes pollution. In order
to overcome this problem, environmentally friendly flat-face type coupling systems have
been proposed, which have been widely used and recognized. In recent years, with the
increase of operating pressures in hydraulic power transmission systems, the connecting
characteristics of CFFCS are no longer sufficient to meet the requirements due to high
coupling resistance. In order to make the coupling process more convenient, a NFFCS with
an instantaneous pressure relief function is proposed in this research. The design of the
NFFCS and its comparison with the CFFCS are presented below.

Figure 1 shows the mechanism design of the CFFCS in the separated state. The plug
connector on the left side and the socket connector on the right side of Figure 1 both have
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one-way self-sealing valves (1 and 4) that ensure the blockage of hydraulic fluid in the
disconnected state. During the connection process, the pressure of the sealed high-pressure
hydraulic fluid acts on the one-way self-sealing valve to generate a high amount of force
(coupling resistance) that must be overcome to complete the connection process. Figure 2
shows the kinematics of the connection process of the plug and socket connectors of the
CFFECS. Status A is the state where the plug and the socket have just made contact. During
the course of pushing the socket to the left while the plug is fixed, Process 1 and Process 2
take place. Upon completion of these processes, the fluid path is fully opened. In order to
facilitate their understanding, the theoretical models of the two processes are established,
as shown in Figure 3, where only the influence of the mechanical spring element on the
thrust is considered.
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Figure 2. Kinematics of the CFFCS.
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Figure 3. Theoretical modeling of the different processes of the CFFCS, (a) Process 1 and (b) Process 2.

It can be seen that during process 1, in order to move to the left, the pin (5) in the
socket that is rigidly connected to the shell of the entire socket pushes the valve (1) of
the plug to overcome the elastic resistance of the spring K2. At the same time, due to the
reaction force given by the glove (2) in the plug, the glove (3) in the socket moves to the
right against the elastic force of the spring K1. The theoretical mechanical model of this
process is shown in Figure 3a.

d1 represents the distance between the glove (3) and valve (4) in the socket. When
d1 reduces to zero, the entire system reaches status B. As shown in Figure 3b, during
Process 2, the valve (4) in the socket moves to the right along the guide (6). During this
process, the springs K1, K2, and K3 work simultaneously. When valve (4) starts to move,
the hydraulic fluid starts to flow through the entire coupling system. Finally, the fluid path
is fully opened when the valve (4) makes contact with the guide (6) (i.e., d2 = 0).

It can be seen that in the connection process of the CFFCS, in addition to overcoming
the resistance of the spring, it is also necessary to overcome the resistance due to the
pressure of the hydraulic fluid acting on the single self-sealing valve (1).

In actual operation, the resistance due to fluid pressure is usually very large and
requires the use of additional tools to assist in establishing the connection. Therefore,
the CFFCS cannot meet the requirements for easy quick coupling under higher-pressure
conditions. To solve this problem, we propose the NFFCS design that is presented below.

Figure 4 shows the internal mechanism of the NFFCS. Compared to the CFFCS, the
main difference lies in the design of the plug connector. Valve (4) and pin valve (5) divide
the plug into the L and R chambers, where the high pressure hydraulic oil is completely
sealed in the L chamber due to the pressure acting on the valves. The valve (1) in chamber
R has no fluid pressure acting on it, which means that opening this valve (1) requires us to
overcome only the spring resistance.
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Figure 4. Internal mechanism of the novel flat-face coupling system (NFFCS).

Figure 5 shows the kinematics of the coupling process of the plug and socket con-
nectors. The state of the plug and socket connectors just as they make contact is shown
as status A. Then, the socket connector is pushed to the left until it is fully connected.
According to the movement of the mechanism, the whole operation can be divided into
four processes. For the convenience of observation, the theoretical models for these four
processes are established (similar to the CFFCS, i.e., only considering the effect of the

mechanical elements) as shown in Figure 6.
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Figure 5. Kinematics of the NFFCS.
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Figure 6. Theoretical modeling of the different processes of the NFFCS, (a) Process 1, (b) Process 2, (c) Process 3 and (d)
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In a similar way to the CFFCS, during Process 1, the pin (8) in the socket moves to the
left and pushes the valve (1) in the plug to overcome the elastic resistance of spring K2.
At the same time, the glove (2) in the plug moves to the right and pushes the glove (6) in
the socket to overcome the elastic resistance of K1. The theoretical model of this process
is shown in Figure 6a. d3 represents the distance between the pin sleeve (3) and the pin
valve (5). Under the action of thrust, d3 gradually decreases to zero, at which point the
entire system reaches status B. Then, during Process 2 (shown in Figure 6b), the pin valve
(5) begins to overcome the resistance of spring K4 and starts to move to the left due to
the thrust. As shown in status C, a gap A is generated between pin valve (5) and valve
(4), connecting the L and R chambers. It is worth mentioning that, unlike the valve of the
CFFCS, the newly designed pin valve (5) has a small cross-sectional area and, therefore,
according to Pascal’s law, experiences a very small force due to the hydraulic fluid pressure.
Thus, the resistance from high-pressure hydraulic fluid that needs to be overcome during
process 2 is very small and the pressure relief effect can be achieved with a small thrust
force. d1 represents the distance between the glove (6) and valve (7) position blocks in
the socket. With further pushing to the left, when d1 becomes equal to zero, the entire
system reaches status C. During Process 3 (shown in Figure 6¢), springs K1, K2, K3, and
K4 work simultaneously. The movement of valve (7) means that the hydraulic fluid now
begins to flow through the entire coupling system. d4 represents the distance between
valve (4) and pin sleeve (3). When d4 becomes equal to zero, the entire system reaches
status D. It is worth noting here that although Process 2 and Process 3 occur in a set order,
Process 3 is extremely short and can be ignored. Thus, the system quickly transits to the
next process, i.e., Process 4. That is to say that the opening of pin valve (5) during Process 2
does not exert any pressure on the opening of valve (1). This feature has been designed to
prevent the overflow of hydraulic fluid when the coupling system is not fully connected.
As shown in Figure 6d, during Process 4, the valve (4) in the plug is pushed to the left.
Since at this point the pin valve (5) is open, the pressure difference between the L and R
chambers is almost zero, which means that the pressure acting on the left side of the valve
(4) disappears so it (valve (4)) can be easily pushed away. During this process, springs K1,
K3, and K4 continue to work together. When valve (7) and guide (9) make contact (i.e., d2
= 0), it means that the circuit is fully connected and the coupling process is complete.

To sum up, during the connection process of the NFFCS, due to the pin valve (5) of
the instantaneous pressure relief device, at first, only some of the high-pressure hydraulic
fluid is introduced into the socket to achieve the effect of pressure relief, and then the
entire hydraulic circuit is opened, which greatly reduces the resistance due to pressure
that needs to be overcome to achieve successful coupling. In this chapter, we have only
qualitatively analyzed the pressure that we need to overcome during the coupling process.
In the following section, numerical simulations are used to quantitatively observe and
analyze the magnitude of the pressure that needs to be overcome in this process.

3. Valve Opening Characteristics
3.1. Investigation Methods and Boundary Conditions

The opening and closing of the valve is typically an almost instantaneous process.
In actual operation, it is difficult to observe the change of the internal flow field during
the opening of the high-pressure valve. With the development of information technology,
various simulation tools based on numerical investigation methods are being widely used
in various industries to overcome the deficiencies of experimental methods [26-31]. For
valve design problems, computational fluid dynamics (CFD)-based simulation methods
are often used in the industry to study the dynamic changes in the flow field [32-34].

In this numerical investigation, the global unstructured tetrahedral mesh is used
for the discretization of the high-pressure liquid basin, and the grid at the valve gap is
locally refined. The Reynolds-averaged Navier-Stokes (RANS) equation governing the
fluid flow is solved in the commercial CFD software Ansys Fluent using a workstation
(Manufacturer: Lenovo, Seoul, Korea) with an Intel Xeon E5 2690 v4 processer operating at
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2.6 GHz with 128 GB of RAM. In the simulation, the fluid is assumed to be incompressible
and conforming to the RANS equation. Ansys fluent provides many RANS turbulence
models to solve different fluid dynamics problems (e.g., Spalart—Allmaras, Standard k-
epsilon, renormalization group (RNG) k-epsilon, Realizable k-epsilon, standard k-omega,
Menter’s shear stress transport (SST) k-omega, Reynolds stress etc.) [35]. In this study, the
Standard k-epsilon model was adopted because it has been verified by numerous studies
that, for calculations related to hydraulic power transmission systems, this model is more
stable, economical and accurate than other turbulence models [32,34]. The semi-Implicit
method for pressure implicit method for pressure-linked equations (SIMPLE) solver is
used to solve momentum and continuous equations. This method uses a second-order
upwind style to discretize the equations in parallel grid nodes to ensure the accuracy of
the simulation results. The boundary conditions are set as pressure inlet and pressure
outlet for this calculation domain. The initial pressure value of the valve is set as 630 kPa,
and the outlet pressure is set as 530 kPa. In this simulation, international organization for
standardization (ISO) VG32 hydraulic oil with a density of 844.4 kg/m? and a dynamic
viscosity of 0.0135 kg/m-s is used as the transportation medium.

In order to more intuitively observe the NFFCS’ effects of instantaneous pressure relief
and easy coupling, same-sized (ISO 16082 size 10) CFFCS and NFFCS were separately
pre-processed for modeling and simulation. In this study, the entire valve opening process
of the two hydraulic couplings was simulated using novel dynamic mesh technology.
The dynamic mesh algorithms mainly include layering, smoothing and remeshing [22].
Considering the complexity of the internal geometric structure of the hydraulic coupling
systems, it is difficult to use a layering method that is highly dependent on prismatic
meshes. Therefore, in this study, smoothing and remeshing methods were adopted for
dynamic meshing.

The general conservation equation of a dynamic mesh [36,37] for a general scalar (P)
on an arbitrary control volume (V), whose boundary is moving, can be written as:

d - = - —
g/‘/PQdV—F/qu@(v _08)'dA7/A(rv®)'dA+/VS@dV 1)

where v is the speed vector; z?g ts the grid velocity of the moving mesh, p is the liquid
density, I' is the diffusion coefficient, and S represents the source term of &.

In CFD simulations, although the “convergence” based on RMS error values, monitor-
ing points and imbalances can ensure the accuracy of the simulation results to a certain
extent, the grid-independent inspection of each model is necessary to minimize the effect
of different grid resolutions on the simulation outcomes [38]. Therefore, in the simulation
of the opening characteristics of the CFFCS, we used different numbers of grids of the fluid
domain (4.3 x 10° (coarse), 5.8 x 10° (medium) and 6.6 x 10° (fine)). Considering the
complexity of the internal geometry of the coupling system and the computability of the
dynamic mesh simulation, it is difficult to refine the boundary layer separately. Therefore,
in this study, a method based on the global size control of unstructured grids is used to
ensure the correctness of the calculation results of viscous flow near the wall. The special
control method for moving zones in dynamic mesh simulation is described in detail in the
following text. The average skewness of the grid was limited to less than 0.5. Then, through
comparison of the required thrust during the opening process of the CFFCS under the three
grid models (coarse, medium and fine), it was found that the maximum deviation of the
coarse model was 5.62% relative to the fine model, while the maximum deviation of the
medium model was only 1.72%. Thus, considering both the economics of the calculation
and the accuracy of the simulation, the medium model was selected for further simulations
carried out in this research. The same grid independence check strategy was also adopted
for all the other simulation models mentioned in this article.

Figure 7a,b respectively show the meshed cross-sections of the CFFCS and NFFCS,
that were obtained after the grid independence verification. According to the rules of the
dynamic meshing method, the volume of the grid cannot be zero. Therefore, a gap must
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be left between the valve and the glove during modeling. In order to simulate the true
opening process to the greatest extent, this gap between the valve and the glove must be
very small. Thus, the initial gap in this study is defined as 0.2 mm.

(a) CFFCS

(b) NFFCS

Figure 7. Meshing of the two models, (a) CFFCS and (b) NFFCS.

For the CFFCS, the wall contacting the valve is set as a moving rigid body, and its
velocity is defined by the profile programming. In the NFFCS, the instantaneous pressure
relief pin valve will be opened before the larger valve is opened. For this process, the
velocity at the flow area of the pin valve and the larger valve were defined separately. The
total coupling duration of the two valves is set as 2.0 s.

3.2. Results and Discussion

Figure 8 shows the pressure and velocity distribution contours at three instances
during the valve opening process of the CFFCS: (a) the beginning of coupling (t = 0.5 s, the
valve is not opened); (b) the moment the valve has just started opening (t = 1 s); (c) the
valve is fully opened (t = 2 s). It can be seen from Figure 8a that the two chambers are not
connected and the pressure is evenly distributed in the high-pressure chamber on the left
side of the valve and in the low-pressure area on the right. At this time, the flow velocity in
the two chambers is almost zero. Since at least one layer of mesh is required in the dynamic
mesh setting, it is inevitable that a large flow velocity will be generated in the gap in the
simulation results. In the actual opening process, due to the presence of the seal, such a
large flow velocity does not exist in the gap. This study only observes the characteristics
of the flow in the fluid domain during the coupling process, thus the influence of such
unavoidable limitations of the simulation methodology on the research results is ignored.

The left and right chambers start to connect during the leftward movement of the
valve (as shown in Figure 8b). At this time, the gap between the valve and glove reaches
its smallest value. In this state, the fluid is pushed by the high pressure in the left chamber
to pass through the gap at a great velocity and form an obvious velocity gradient in the
low-pressure area. At this time, the pressure distribution of the two chambers still does not
change greatly.
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Figure 8. Instantaneous pressure and velocity distributions at different times during the coupling process of the CFFCS,
(a)t=0.5s,(b)t=1.0sand (c) t=2.0s.

Att=2.0s, CFFCS completes the coupling process, and the entire hydraulic circuit is
fully connected (as shown in Figure 8c). In this state, the pressure distribution in the entire
watershed tends to be uniform, the inlet maintains a high pressure, and there is a high and
even pressure gradient. The overall flow velocity distribution corresponds to the pressure
distribution.

Figure 9 shows the pressure and velocity distributions of the NFFCS at different
moments during the coupling process. The five most representative time points were
selected for observation and analysis. As shown in the left side image in Figure 9a, at the
initial time (t = 0 s) the valve in the coupler is closed. In this state, it can be observed from
the pressure distribution that the pressure accumulation phenomenon occurs at the inlet
and forms an obvious high-pressure zone. The pressure in the outlet chamber is low and
there is no obvious pressure gradient. Similar to CFFCS, it can be observed that the entire
watershed is divided into two chambers by the pin and the valve, as shown in the right
side image in Figure 9a, and the velocity in both the chambers is zero.

As the gap of the pin valve becomes larger (t = 0.2 s), the fluid in the high-pressure
side begins to flow into the outlet chamber through the pin valve gap and the pressure
difference between the inlet and the outlet is reduced. Since the gap is small, the flow
velocity in the gap is large (as shown in the right side image of Figure 9b), which results
in very low pressure in the gap (as shown in the left side image of Figure 9b). Due to
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high-speed flow at the end of the gap, the fluid accumulates at the corners and is squeezed
by the following high-speed fluid, which forms a local high pressure region.
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Figure 9. Instantaneous pressure and velocity distributions at different times during the coupling process of the NFFCS, (a)
t=0s,(b)t=0.2s,(c)t=04s,(d)t=1sand (e) t=2s.
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After the pin valve is fully opened (t = 0.4 s), the pressure at the inlet and outlet
becomes almost equal (as shown in the left side image of Figure 9¢). It can be seen that the
opening of the pin valve connects the two chambers to achieve the effect of instantaneous
pressure relief. At this time, the big valve in the plug starts to open. As the size of the valve
opening increases, the extreme low pressure in the valve gap caused by the simulation
limitations disappears, and the maximum flow velocity reduces accordingly, as shown in
Figure 9d.

At t =2.0 s, when the valve is fully opened (Figure 9e), the pressure distribution in
the watershed tends to be uniform. A high pressure can be found at the inlet side, and a
high-pressure gradient can be found in the overall watershed. In this state, the velocity
distribution corresponds to the pressure distribution.

During the coupling process of the NFFCS, the opening of the pin valve connects the
high-pressure cavity with the low-pressure cavity to achieve the effect of pressure relief so
that the big valve can be easily opened.

In order to observe the impact of hydraulic power on the coupling system, the axial
resistance caused by the hydraulic oil to the valve opening during the coupling processes
of CFFCS and NFFCS were monitored separately. The results of this study are summarized
in Figure 10. The solid line represents the opening force results for the CFFCS and the
dashed line represents the opening force results for the NFFCS. It can be observed that the
maximum resistance for the CFFCS is about 122.3N, which occurs when the valve starts
to be pushed (t = 0 s). This force then quickly drops to an approximately stable value
(about 5N). When the valve is opened (t = 1.0 s), the thrust has a small increase and then
stabilizes again. On the other hand, the NFFCS releases the pressure by opening the pin
valve before the big valve is opened to achieve full conduction. When the pin valve is
opened, the maximum axial thrust of 80.7N appears at the start of the push (t = 0 s), which
then gradually decreases and stabilizes. It can be seen that the maximum axial resistance
occurs at the same time (the beginning of the movement) in both the mechanisms. However,
the presented NFFCS showed a resistance value that is 34% less than that showed by the
CFFCS. Although the grid size at the gap has been divided to be an extremely small value,
it still is difficult to obtain the data that is completely consistent with the actual due to
the limitations of the dynamic mesh algorithm. However, the overall trends shown in the
simulation can be considered as a reasonable depiction of the actual situation. Thus, we can
safely infer that the design of the NFFCS can relieve the high pressure instantly with a small
opening force so that the big valve can be easily opened to connect the hydraulic circuit.

150
—— CFFCS
----- NFFCS
> 100
O]
O
o]
L
50
0 N | L | 1 | L
0.0 0.5 1.0 1.5 2.0

Time (s)

Figure 10. Comparison of the valve opening forces required by the CFFCS and NFFCS.
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4. Flow Characteristics and Optimization of the Coupler

When hydraulic oil flows in the coupling system, frictional resistance and turbulent en-
ergy loss occur due to the complicated structure inside the coupler, which causes a pressure
drop between the inlet and the outlet [39]. In order to improve the efficiency of hydraulic
power transmission while ensuring the best flow characteristics in the NFFCS design, a
series of numerical simulations, comparisons, discussions and design optimizations were
carried out, which are presented in this section. Firstly, the internal flow characteristics of
the CFFCS and the initial design of the NFFCS are compared to ensure that the pressure
drops of the two coupling systems are at the same level. Then, for the initial design of the
NFFCS, a series of geometric optimizations are proposed and the flow characteristics are
discussed, leading to the best final design.

4.1. Investigation Methods and Boundary Conditions

In this section, CFD analysis was performed on the CFFCS and the initial and opti-
mized models of the NFFCS to observe their pressure, flow velocity and turbulent kinetic
energy distributions. Among these outcomes, turbulence kinetic energy (TKE) which is one
of the most common physical quantities in the turbulence model, is often used to observe
the energy loss of liquid flow.

Figure 11a—c respectively show the mesh on the major internal components and the
inlet boundary conditions for the CFFCS model, the initial NFFCS model and the optimized
NFFCS model. In this simulation, Ansys Mosaic Meshing Technology was used to generate
the mesh in the unique poly-hexcore form shown in Figure 11d. The poly-hexcore mesh
provides higher accuracy and faster calculation speed for complex CFD problems [40].

The international standards ISO 16028 and ISO 4399 [12,17] give the pressure drop
requirements and measurement methods for various sizes of flat-face type coupling systems.
In this study, the coupling system size of 10 mm was modelled and observed as an example.
The influence of the geometry of the small internal components and springs was considered
in this investigation. The boundary conditions for simulations based on the ISO standard
were set as mass-flow inlet = 0.3237 kg /s and pressure outlet = reference to atmospheric
pressure. The hydraulic oil and turbulence models used are the same as those mentioned
in Section 3.1.

4.2. Results and Discussion

In order to more intuitively evaluate the flow characteristics of the NFFCS, they are
compared with the simulation results of the CFFCS. The pressure drops of the CFFCS
(50.76 kPa) and the NFFCS (49.49 kPa) were obtained through calculation of the average
pressures at both sides of the inlet and outlet. It can be seen that although the internal
geometry of the NFFCS is more complicated due to the inclusion of the instantaneous
pressure relief device, its pressure drop is about 2.5% less than that of the CFFCS. Figure 12
shows the pressure distribution of the two flat-face type coupling systems. It can be seen
that the pressure gradient distribution in the two systems in the steady state is uniform,
and the pressure remains high at the inlet. The pressure drop around the guide pin of
the valve at the inlet side of the CFFCS is more obvious, which is caused by the sudden
decrease in the flow cross-sectional area and the increase in velocity. This is the main reason
why the pressure drop of the CFFCS is higher than that of the NFFCS.
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(a) The CFFCS

(b) Initial design of the NFFCS

(c) Optimal design of the NFFCS

(d) Internal view of the poly-hexcore mesh

Figure 11. Meshing and inlet boundary conditions, (a) The CFFCS, (b) Initial design of the NFFCS, (c) Optimal design of the
NFECS and (d) Internal view of the poly-hexcore mesh.
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Pressure |Pa] [ T

-17,589.9 -10,211.1 -2,832.2 4,546.7 11,925.5 19,3043 26,683.2 34,062.1 41,4409 48,819.8 56,198.6

(a) The CFFCS

Pressure [Pa] I T T 77 T [ [

-15,199.4 -8,169.4 -1,139.4 5,890.7 12,920.7 19,950.7 26,980.7 34,010.7 41,040.8 48.070.8 55,100.8

(b) Initial design of the NFFCS

Figure 12. Pressure distribution results for the two flat-face coupling systems, (a) The CFFCS and (b) Initial design of

the NFFCS.

Figure 13 shows the velocity and streamline distribution results of the two flat-face
coupling systems. By comparing the velocity distributions, it can be seen that there is a
sharp increase in the velocity at the guide pin position near the inlet of the CFFCS. As
mentioned before, due to the sudden reduction of the geometrical cross-sectional area,
the surge in the flow rate of the hydraulic oil flowing through it leads to greater energy
consumption, which results in the greater pressure drop in the CFFCS. The initial model of
the NFFCS was designed with changes included mainly inside the plug while the socket
was the same as that used in the CFFCS. It can be seen from Figure 13 that the streamlines
in the sockets of the two coupling systems show obvious vortex phenomena near the outlet.
This is due to the sudden increase in the flow cross-sectional area, which causes the flow
rate to reduce and the pressure to increase sharply.

Velocity [m/s] R il | e

000 078 155 233 3.10 388 465 542 6.20 698 778

Velocity [m/s] B ]--[

(a) The CFFCS

0.00 0.50 1.61 241 3.21 4.02 4.82 5.62 6.43 723 8.03

(b) Initial design of the NFFCS

Figure 13. Velocity and streamline distributions for the two flat-face coupling systems, (a) The CFFCS and (b) Initial design

of the NFFCS.
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The pressure drop (49.49 kPa) of the initial NFFCS design was similar to that of the
CFFCS and was within the standard limit (100 kPa) specified in ISO 16028. However, in
order to obtain better flow characteristics, a series of design optimizations were carried out
on the parts that were causing large amounts of energy loss, judged based on the turbulent
kinetic energy observations.

Figure 14 shows the turbulent kinetic energy distribution of the initial NFFCS design.
It can be seen that the turbulent kinetic energy has a large value at positions 1 and 2 marked
by the red dashed box, while a large area of energy loss occurs at position 3.

Turbulent Kinetic ‘ | |- | | | -

Energy [m?s?] 000 112 224 335 447 559 671 783 894 10.06 11.18

Figure 14. The turbulent kinetic energy distribution of the initial NFFCS design.

In order to obtain the optimal design, extensive sampling data of modifications were
taken and simulations undertaken at these three positions. The specific geometric design
and turbulent kinetic energy distribution before and after optimization are shown in
Tables 1 and 2, respectively.

Table 1. The geometrical design modifications made in the initial design to obtain the optimized design.

Position Initial Design Optimized Design

1
2
ZN \J
13
NZ777277773h
q
3 \

N
SN
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Table 2. Comparison of the turbulent kinetic energy distribution results for the initial and optimized designs.

Position

Initial Design Optimized Design

It can be observed that there is a large unevenness in position 1 where the plug valve
and the socket pin make contact, which can be assumed to be the reason for the large
energy loss. The unevenness of position 1 was smoothed as shown in Table 1 without
changing the structural reliability of the parts. From the result of turbulent kinetic energy
distribution at position 1 shown in Table 2, it can be seen that the maximum value for the
optimized design is 4.27 m2s~2, which is 28.9% less than the 6.01 m?s~2 value observed for
the initial design.

Similar to position 1, position 2 also has micro-geometric unevenness due to the
improper chamfering of the component, which causes considerable energy loss at this
position. By modifying the improper chamfer, the maximum value of the turbulent kinetic
energy is reduced from 10.67 m?s~2 to 7.50 m?s~2, which is a reduction of 29.7%. A
comparison of the results at position 2 is shown in Table 2.

By observing the turbulent kinetic energy distribution at position 3 in the initial
design, it is apparent that the vortex phenomenon is occurring at the end of the socket
pin mentioned above. Thus, it can be inferred that the wide range of turbulent kinetic
energy distribution here is caused by the interaction between the vortices. As shown in
Table 1, at position 3, the pin fixing part of the initial design has eight small holes to allow
passage of the hydraulic fluid. This design reduces the flow cross-sectional area, which
leads to the vortex generation and energy loss problems. In the optimized design, the flow
cross-sectional area on the pin fixing component is increased as much as possible while
ensuring the stability of the rigid structure. From position 3 in Table 2, it can be seen that
near the outlet, the large-area distribution of turbulent kinetic energy has been greatly
improved in the optimized design, and the maximum value of turbulent kinetic energy has
been reduced from 10.5 m?s~2 to 9.46 m?s~2.

Similarly, the flow characteristics of the optimized NFFCS were also analyzed. The
pressure distribution and the velocity and streamline distribution of the NFFCS are shown
in Figure 15a,b, respectively. By calculating the average pressure difference between the



Appl. Sci. 2021, 11, 388

18 of 20

inlet and the outlet, the pressure drop was found to be 42.79 kPa, which is 13.5% less
than the pressure drop of the initial design (49.49 kPa). It can be seen from the pressure
distribution that the overall pressure drop gradient distribution from inlet to outlet is
uniform. By comparing Figure 15b with Figure 13b (initial design), it can be seen that the
vortex phenomenon occurring at the outlet has also been significantly improved.

Pressure [Pa] | | | | | [ e

19,903 12,747 -5,592 1,563 8,719 15,874 23,030 30,185 37,341 44,496 51,652

(a) Pressure distribution

Velocity [m/s] D | (e

0.00 0.78 1.57 235 3.14 3.92 4.70 349 6.27 7.06 7.84

- .

(b) Velocity and streamline distribution

Figure 15. Flow characteristics of the optimized NFFCS design, (a) Pressure distribution and (b) Velocity and streamline dis-

tribution.

5. Conclusions

A novel flat-face coupling system (NFFCS) design incorporating an instantaneous
pressure relief device based on Pascal’s law was presented in this research. The mechanism
and kinematics of the NFFCS were explained and compared with a similar sized CFFCS.
The flow characteristics and axial force during the opening process of the internal valve of
the coupling systems were simulated using the CFD dynamic mesh algorithm. Combined
with the Ansys Mosaic meshing technology, a series of numerical investigations were
carried out on the flow characteristics of the entire system. Based on the distribution of
turbulent kinetic energy, the energy-consuming locations of the initial design of NFFCS
were determined and optimized. Thus, a design with optimal flow characteristics and
hydraulic power transmission efficiency was obtained. The conclusions drawn from these
investigations are summarized as follows:

The kinematics of the CFFCS and NFFCS are explained through the establishment
of theoretical models of their coupling processes. In the NFFCS design, there is no major
design change in the socket connector, while a high-pressure relief pin valve based on
Pascal’s law is incorporated in the plug connector. During coupling, the pin valve connects
the two chambers by overcoming a relatively small resistance force, which equalizes the
pressures on both sides of the main valve so that it can be easily opened.

In order to verify the correctness of the NFFCS design, comparative simulations of the
NFFCS and CFFCS coupling processes based on the novel CFD dynamic mesh technology
were carried out. Analysis of the transient simulation results showed that the opening of
the pin valve in the NFFCS has a balancing effect on the pressure difference between the
neighboring chambers. Monitoring of the axial resistance during the opening of the valves
of the two systems showed that the resistance generated by the NFFCS pin valve is 34%
less than that of the CFFCS. This observation verifies the correctness of the NFFCS design.

Comparison of the steady-state flow characteristics of the CFFCS and the initial NFFCS
design revealed that although the internal geometry of the NFFCS is more complicated
due to the incorporation of the instantaneous pressure relief device, its pressure drop is
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about 2.5% less than that of the CFFCS. This confirms the feasibility of replacing CFFCS
with NFFCS in future hydraulic power transmission applications.

To reduce further the energy consumed during the process of hydraulic power trans-
mission through the NFFCS, the distribution of turbulent kinetic energy in the initial
NFFCS design was observed. A series of geometric modifications and CFD simulations
were carried out to devise the optimized NFFCS design with excellent hydraulic power
transmission efficiency. The pressure drop of the optimized design is 42.79 kPa, which is
13.5% less than that of the initial design.

In summary, the easier installation (lesser thrust requirement) characteristics and
smaller hydraulic power transmission loss of the proposed optimal NFFCS have been
verified through a series of CFD numerical investigations. Additionally, the design and
CFD-based investigation methodologies used in this research can serve as guides for future
works related to the design of high-pressure hydraulic power transmission system compo-
nents.
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